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ABSTRACT

The ignition characteristics of five operational propellants

and seven model systems of varying composition were investigated by

the use of high flux radiant energy as the ignition stimulus. Our

study has provided considerable information which relates ignition

characteristics to compositional factors. Findings of particular

importance are:

1. For the types of propellants studied, ignitability is directly
related to burning rate, within each system, those factors
which increase burning rate also ease ignition.

2. Minimum pressure for ignition of ammonium perchlorate
propellants appears to be primarily related to the nature
of the binder.

We examined the various theories of ignition and found that no

model yet suggested has been adequately proved. In applying von Elbe's

model, we showed that the observed pressure-dependency of ignition

could be related to steady-state combustion characteristics of the

propellant, and that thermal conduction into the subsurface material

may contribute substantially to ignition time. We believe that we

have placed the suggested mechanisms in proper perspective, so that

identification can be made of the additional information required

for fuller understanding of the important chemical processes.
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I INTROlUCTION

Certain characteristics of propellants (such as percent oxidizel,

particle size distribution, polymer pyrolyzability, and catalyst

content) are known to have an influence on ignitability. By exploring

the interrelatio-ships among ignition characteristics and propellant

compositional factors, one can determine how important each fLctor

is to the ignition process. In addition, in the course of developing

K such informatti, the data taken over ranges of pressure and flux

can be applied to studies of the mechanisms involved in the ignition

process.

This p-ogram of ignition research was based on the use of high

flun radiant energy as supplied oy an arc image furnace, a technique

first developeu at Stanford Research Institute in 1957. Our work

encompassed a systematic study of the variables governing ignition

phenomena and examination of the possible ccnt-olling mechanisms.

The objectives of the research under this contract were:

A 1. to determine interrelationships among ignition characteristics
and propellant compositional factors

2. to evaluate the relative roles of solid decomposition,

heterogeneous reaction, and gas phase mechanisms in the
ignition Irocess

3. to test the validity of various suggested theories of
ignition.
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II APPARATUS

The arc image ignition furnace, constructed at Stanford Research

Institute in 1957,1 was considerably modified during the initial part

of this program. A photograph of the over-all installation is shown

in Fig. 1. A new arc lamp was installed to provide higher flux

capability and greater operational stability of the arc. The rotating

disc shutter was improved to provide better definition of the exposure

pulse. The gas handling system was rebuilt to permit greater ease

of operation as well as rapid depressurization for reducing the inci-

K dence of bomb rupture. Flux measuA-ing procedures were refined and new

methods for flux attenuaticn were instituted. These improvements

provided us with a facility far superior to our previous apparatus;

experimental results were obtained more readily over a wider range

of conditions, a.id a higher degree of confidence in the accuracy of

the data was achieved.

A. Radiant Energy Source

.I The newly installed arc lamp i3 a Strong Excelite, Super 135,

Type 54007-1, with 13.6-mm trim and 18-inch mirror. Care was taken

to provide proper draft conditions for arc stability. Although the

" electrodes have considerable variability, continuous monitoring of

arc current provides a record of intensity fluctuations which can be

readily correlated with energy flux output. Normal operation is at

Ia nominal arc current of 150 to 160 amperes. To obtain steady oper-

-tio- -4 -U- 4-1 ,,e+ 1e hiw'1 %nimp tni positive and negative

electrode drive motors were required. An additional lamp modification,

required to provide desired control capability, was a potentiometer

to control the speed of the negative electrode drive motor. The

interior of the lamp is shown in Fig. 2.

A thorough analysis of the focal volume and criticality of optical

alignment was undertaken on another program.2 The flux profiles

were mapped with the u'e of a ,,pecially designed adjustable head so

2
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that measurements could be made behind a half-glass without moving the

glass with respect to the optical system; this provided a map of the

thermal flux as seen by a specimen in the ignition bomb. The resulting

flux proliles are shown in Fig. 3; the dimensions are shown in inches

and the axos represent the lateral (X), vertical (Y), and axial (Z)

directions. It can be seen that about 95 percent of the peak flux

is available to a circular area about 0.1 inch In diameter.

B. Shutter Mechanism and Exposure Timing

A major disadvantage of the previous rotating-disc shutter

mechanism was the apparent movement of the image across the face of

the specimen or calorimeter. The high-speed disc ha previously

been modified--the 2-inch circular opening had been elongated to a

slot about 6 inches in length. Although this provided a trapezoidal

pulse shape, with some 80 percent of the area of an equivalent square

pulse; actual exposure times were only about 75 percent of calculated

times due to the image displacement. The counter-rotating discs of
the modified shutter do not shift the image, and radiant energy is

applied to the same area during the entire time of exposure.

Each of the two counter-rotating discs has an elongated opening

nominally 6 inches in length; both rotate at the same high speed. A

third disc, with a 2-inch-diameter circular opening, is geared to

K the drive mechanism to rotate at 1/20th the speed of t1ie high-speed

discs. In this manner, one exposure on the optical axis is provided

20 =clut 4i'-c cf th hi.gh-_-pccd dice At =a-iamrum retsia1

speed this produces an interval of only about 0.7 second between

< ! exposures; therefore, a solenoid-operated leaf shutter was installed

to provide for single exposures as needed. A cam-operated microswitch

automatically actuates the leaf shutter for only one revolution of

the slow disc; a relay must be reset after each exposure to obtain
' ,.}the next exposure. Figure 4 iihows the open leaf shutter, the 2-inch

I, aperture in the low-speed disc, and the aperture in the counter-

rotating discs as it appears before it is fully open.

~i I 4
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Rotational speed, and hence exposure time, i obtained (as before)

from a calibrated indicating tachometer generator. As an auxiliar.

method for determining exposure time, an electronic counter, actuated

by a magnetic switch at the high-speed discs, indicates the time for

one revolution. These counts are made on a sampling basis; the last

reading is a direct measure of the time for the one revolution

during which exposure occurred. The system is integrated into the

automatic solenoid shutter control so that the counter stops after

exposure has occurred. The redundancy of time measurement thus provided

does not unduly complicate equipment operation; the additional measure-

r' ment can be used when desired, and confidence in exposure timing is

improved.

K4  Detailed examination of the exposure pulse was undertaken to

determine time of exposure based on rotational speed. Since the

pulsa shape is trapezoidal, the effective time of emposure can be

taken as that at half-wave height, or as the average of the total

time and the time at maximum amplitude. A photocell was placed behind

a 0.1-inch-diameter aperture at the plane of the specimen and the

exposure puls3 was carefully s'udied at various rotational speeds.

It was determined that the trapazoidal structure was very close to

symmetrical (the opening time was slightly l_.,g~ r than the closingKtime) and that the time at half-wave height was 88 h 2 percent of the

I total time from first opening to full closure. This result was

verified by examining the heacing time, available from the oscillographic

record of flux measurement with the SRI calorimeter (described below).

Careful measurement of the effective circular length of the

aperture formed by the openings in the counter-rotating discs yielded

a value of 6.24 inches. Since the locus of the aperture center is
Eli, on a circle whose circumference is 40.0 inches, overall exposure time

can be computed by the relationship 9360/rpm msec, and the effective

A

I exposure time in milliseconds is 8240/rpm.
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C. Flux Measurement

The primary instrument for measuring incident flux is the SRI f
calorimeter described in Ref. 3; a detailed drawing of the device

is shown in Fig. 5. Radiant energy passes through the aperture

(about 0.1 inch in diameter) and falls on the sensing element, which

is a blackened spherical copper segment, The calorimeter is used

with the aperture occupying the same position as the front surface of

a specimen. Radiation absorbed by the sensing element causes a temp-

erature rise which is detected by a thermocouple at the back surface

of the sensing element. The thermocouple signal is amplified and

recorded on an oscillograph; absorbed flux is calculated from the
rate of temperature rise, the area of the aperture, and the mass and

heat capacity of the sensing element. Exposure time is limited so

that the temperature rise does not exceed 500C. Absorptivity of the

blackened spherical segment is assumed to be 1.0 in calculating

radiant flux incident on the propellant specimen.

An interlaboratory comparative calibration of calorimeters was

recently undertaken to provide confidence in arc image furnace flux

measurement. These efforts were coordinated by the Naval Ordnance

Test Station; results are reported in Ref. 4. Comparison of the

SRI calorimeter with one which was presumed to have a known absorptivity

indicated that the effective absorptivity of the SRI calorimeter at

that time had been about 0.88. The receiving surface of our calorimeter

was later (May 29, 1965) carefully blackened with acetylene black

from a carbide lamp; increased absorbed flux measurements indicated

a previous absorptivity of about 0.83. Since that time we have

blackened the surface twice and no indication was found that the

absorptivity had degraded during the program.

An asymptotic calorimeter (manufactured by By-Cal Engineering

Corp.), similar in design to one described by Gardon,8 was procured

for use on the BuWeps-sponsored program.2 Initial comparisons with

the SRI calorimeter appeared to yield close agreement. The original

coating supplied with the Hy-Cal instrument degraded in a relatively
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short time and was removed; acetylene black from a carbide lamp was

reapplied to the sensing surface routinely during the progr=. The

Hy-Cal instrument is shown in Fig. 6 before and after blackening.

The ignition bomb was modified to accommodate thq Hy-Cal calorimeter,

enabling flux measurements to be made readily during a series of tests.

Since the asymptotic calorimeter is a total rao ation device, its

output can be recorded directly on a 10-mv potentioeter over any

period of time as long as the maximum allowable flux is not exceeded.

Figure 7 is a photograph of the ignition bomb showing the Hy-Cal

calorimeter in its stand-by position. Before a flux measurement is

made, the Teflon storage plug is re'z'ved and the calorimeter head is
insefteO In its place. The Pyrex tube normally used for ignition
tests is replaced with a half-tube to enable flux measurement at the

plane of the specimen face.

Although the asymptotic calorimeter is fundamentally an easier

instrument to use than the SRI calorimeter, it is not a primary

standard. Thus, it must be calibrated against a known standard in

order to determine its sensitivity. Furthermore, in the calibration

procedure undertaken by the manufacturer, which is a sequence involving

the use of a previously calibrated reference standard, calibration can

onLy be accomplished up to a flux of about 55 cal/cm2-sec, even though
the calibration curve vupplied with the instrument may be extrapolated
to as high a flux as 275 cal/cm2-sec.

•l Our original plan was to establish a calibrating factor between

-1- COT anA Ru-0 I intraimpnts and then to make routine use of the

Hy-Cal instrument; the SRI calorimeter, which is a primary instrument,

K Iwould then ouly be used for an occasional check. Unfortunately, the

Hy-Cal calorimeter originally procured was defective; original diffi-

culties with coatings and rtcalibration merged into the first signs

of faulty operation, so that these first signs were not fully

I I recognized at the time of their occurrence. The instrument was re-
turned to the manufacturer and was replaced by another calorimeter

• .. . with a maximum allowable flux of about 135 cal/cm2-sec and a two-fold! 3



-- ~~ -- --- ---- -- , -. -

('0~J

0o4

&

px- 4 2

TA-5354-8

FI.6K-A AOIETRBFR N FE0t0BLAC 
KIN



KS

0 0

C,' 4

FIG. 7 GIINBMBWT YC AOIEE

INSADBYPSTO

12~



LA,

increase in sensitivity. The replacement calorimeter was requested

04 in an uncoated condition for application of acetylene-black during

use.

Dling the program, time was lost due to investigations :f coatings,

comparisons between calorimeters, and recalibration. Use of the SRI

ca.Lorimeter, whicn is more tih,?-consuming, was more extensive than

had been planned, but unfortunately not as extensive as we now realize

it should have b-en. Resolution of experimental results required

considerable exanination of the records from both this program and

the one sponsored by BuWeps.2  Detailed evaluation of the probable

sensicivity of the original By-Cal instrument during periods of cban&

was reqizire'. In resolving the test data measurements of flux with

the SRI calorimeter were considered to be correct. SeAusitivities of

the original Hy-Cal calorimeter ranged from that specified to the

final values prior to return to the manufacturer; these sensitivities

(25.5 to about 15 cal/cm2 -sec per millivolt) increased with time but

not in a regular manner. Tl.e sensitivity of the replacement calorimeter

was about 15 percent lawer than %.hat specified upon receipt, but during

the first three weeks of use it increased.to the specified value. It

apparently stabilized at that time and continued to operate satisfactorily

for the remainder of the program.

D. Attenuation of Flux

To ma.. ignition time r,.easurements at various levels of flux, it

was ,ecessary to provide means for graded flux attenuation. Onl-

those methods which do not moalxy tne proiie of rhe local volunu

were considered acceptable. Ths, previously used methods such as

apertures at the secondary imore or vertical masks at One secondary

mirror were discarded. The following is a list of methods developed

and used during the course - the program:

1. Clear Pyrex plates or screens of various open areas placed
between the shutter and the ignition bomb :Fig. 7)

2. Screens of about 70-, 50-, and 35-percent open area placed
over Ghe secondary mirror (Fig. 8).

13
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3. A curtain consisting of bead-chains suspended at intervals

from an extendible zoil spring and placed btween the shutter
and the ignition bomb, for wide variability of flux densities.

These methods were used in various combinations to achieve the

several flux levels desired. For example, a large-mesh, 70-percent

open-area screen placed over the secondary mirror provided an incident

flux of about 70 cal/cm2 -sec; similarly, testing at about 7 to 12

cal/cm 2 -sec required the use of a combination of a small-mesh screen

at the secondary mirror, a screen between the shutter and the bomb,

and the bead-chain curtain, to select the desired level of flux.

z"7" ,NCREN

i!X'

-SCREENS
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III EXPERIMENTAL PRO(-AU

The design of our experimental program was guided by the desire

to establish interrelationships among ignition characteristics and

compositional factors, and to examine the validity of the various

suggested ignition theories. Our original intent was to collect ex-

tensive data on many operational or development-stage propellants,

with auxilary information being obtained from studies of model composi-

tions prepared at the Institute. However, since the model compositions

appeared to cover the range of compositiona] factors so well, we

devoted the major part of the study to their characterization. We

believe that considerably more information was gained by emphasizing

the work on the =odeL compositions than could have been secured by

following the proposed plan of characterizing 15 operational propellants

with uncontrolled compositional variations.

We spent considerable time in modifying the arc image fuznace, in

developing and evaluating flux measurement and attenuation methods, and

in determining shutter timing characteristics. Some of this work,

because of the calorimeter difficulties described above, continued

into the ignition study phase. As a result, data were difficult to

resolve and there is still some question as to the complete validity

of some of the earlier data. Nevertheless, the test data are for the

most part consistent and amenable to analysis.

A. Experimental Method

The ignition time, T, reported here is the time of exposure to

radiant flux required to effect ignition, or to initiate a state of

sustained combustion. We choose to determine this time, or ignition

threshold, by using go/no-go tosts, in which successive specimens
are exposed to energy pulses of known durations and successful or

unsuccessful ignition is recorded in each case. Dep-nding upon test

conditions, ignition may occur at the time of energy flux cessation

or at some delayed time thereafter. The reproducibility of the delay

15



time has been found to be poor.1 Because of this and because of the

instrumentation difficulties involved, we chose not to measure the

delay time during this program.

In other programs,6 ,7 ignition times were measured by maintaining

sustainer, radiation and determining the time to first light. It has

been suggested that this is the manner in which rocket motors are
ignited. Anderson and Beyers found the method to be cumbersome and

unreliable. More important, we believe that adta obtained in such a

manner can be misleading in attempting to gain an understanding of

the ignition process and its underlying mechanisms. The low flux

radiation furnace used at the Institutd and at the University of UtahR

are examples of continuous energy application through the ignition phase.

Results of both studies demonstrate the inadequacy of the method.

Institute results obtained at 14.7 psia were found to compare favorably

with arc image furnace data taken at 300 psia.8 Baer and Ryan9 found

no pressure dependency over a range of pressures from 0.18 to 11

atmospheres. Such experiments do not allow for surface gasification

and flame under conditions which would not favor sustained combustion

had the application of energy ceased upon first light. Both programs

yielded test results typical of pressure-insensitive ignition behavior,

as would iormally occur at high pressures.

Further illustration of this objection to the method of sustained

radiation and light detection can be found in the results of the

Interlaboratory Solid Propellant Ignition Exchange Program.10  When

the test data were plotted as log T versus log flux, results of those

facilities using light detection methods agreed among themselves and

showed no pressure ffects, while gF/no-go test results agreed rela-

tively well but did demonstrate considerable influence of pressure.

A variation of the ignition threshold method was introduced during

this program. Previous determinations at low pressures, where ignition

times became long, were beseL by wide go/no-go limits. This was to

be expected because in that region the curve approaches an infinite

16



j slope. Therefore, to obtain a smaller bandwidth of data, thresholds

were obtained in the low-pressure region by holding time constantK and finding the go/no-go limits of pressure.

K All tests were conducted in a nitrogen gas environment. In each

case, the ignition bomb was flushed with nitrogen prior to pressurization.

At pressures below atmospberic, although pressure was maintained by

bleeding air into a surge tank connected to the ignition bomb, the

diffusion path was stqficiently long that no air would be expected in

K the region of the test specimen. Little or no gas flowed in the region

of the specimen during a test; pressure control wav maintained by gas

bled into or out of the system at the surge tank.

Test specimens were discs of material, 0.3 inch in diameter by

about 0.1 inch thick, The specimens were prepared by cutting with

A" a cork-borer from a sheet of the propellant prepared with a sharp

microtome knife. The cut surface was not as smooth as that obtainableH -by machining, but was sufficiently uniform to maintain reproducibility

of test results.

B. Materials

K, The materials studied in this program included five operational

propellant types, seven model compoitions prepared at vhe Institute,

and four pressed pellet compositions. The operational propellan,'s

were Aerojet-General Corporation formulations; these had been in

7 1 ;"magazine storage at the Institute for periods ranging from one to

five years. Brief descriptions of these compositions are as follows:

ANE 3066 aluminized polybutadiene composition

I ANB 3105 aluminized polybutadiene composition

ANP 2677 polyurethane composition

ANP 2639AF aluminized polyurethane composition

ANP 2969KH-1 aluminized polyurethane composition

Aw



4 l The model componitions consisted of an epoxy anhydride cured PBAN

binder, ammonium perchlorate, and additives as shown in Table I.

The ammonium perchlorate used was supplied by Pennsalt Corporation

and was processed to a bimodal blend of 70 percent unground - 30 percent

ground material; the average particle size of the unground material

was about 180 microns, that of the ground material was about 11 microns.

Strand burning rates for these model compositions are shown in Fig. 9.

The pressed pellet compositions were representative of the solids

of the variable catalyst systems, i.e. PBAN-254, PBAN-259, PBAN-260,

and PBAX-264.

Table I

MODEL PROPELLANT COMPOSITIONS

Identification Wt % AP Wt % Thermax Wt % Cu0 02

PBAN - 258 70.00 1.00 --

PBAN - 257 75.00 1.00 --

PBAN - 256 80.00 1.00 -

PBAN - 264 85.00 1.00 --

PBAN - 260 85.00 1.00 0.20

PBAN - 259 85.00 1.00 0.50

PBAN - 254 85.00 1.10 1.00

'. All test results are shown in Tables II, III, and IV. Test

conditions (i.e., flux and pressure) are included in the tabulations.

Results of many of the repeated tests are also shown; however, those

I repeated tests made for verification at nearly the same time a the
first test are not reported. Results are reported as g,/no-go limits

of pressure or time. Statistical representation of these test results

is impractical; we believe that plotting of tbh, data limits provides



sufficient information as to their reliabiliLy or unreliatility.

Although no error analysis was attempted, if consideration of absolute

values of absorbed flux is omitted, the accuracy of the measurements

is assumed to be about 1 5 percent. A discussion of errors will be

included in the Xinal report of the BuWeps-sponsored program.2

Graphical representations of the data are presented in Figs.-

10 - 27, inclusive. Depending upon the extent of the testing performed

on each material, results are plotted as log r versus log q (where

T and p are exposure time and energy flux, respectively) and as log 7

versus log atsolute pressure. Only one pellet composition is reported

graphically, since successful ignition was obtained only at high

pressure and since a sufficient number of tests at varying flux was

performed on only the one composition.

19



07

06r

U0.4

"A a '

103

cc

CaD~RSSR -- ----sia 2

iii



Table II

RESULTS OF TESTS OF MODEL PROPELLANT CO4POSITIONS

IO1OSITIN PRESSURE. FLUX: EXPOSUR TIH. PRESSURE,j FLUX, M£,oSulo T;FCVOIIN Pas cWlc92-40c wooc CMOION poia | € /cm2,&e¢q exec

,PBA-254 14.7 115 9.9- 9.2 PBAN-264 14,1 21 165- 155
14.7 81 15.8-14.5 (cont'd) 14.7 11 445- 435
14.7 58 23.5-22.2 14.7 8 1100-1030
14.7 35 47-43.5 215 92 10.3- 9.2
i4.? 28 61-59.5 215 61 13.7-12/l
14.7 22 103- 99 215 51 18.3-16.5
14.7 11 390- 410 215 32 31.7-28.4
14.7 8 1060-1000 215 13 BS-, 210

215 91 4.8- 4.4 515 72 11.3-1C.3
215 65 8.3- 7.5
215 38 18.7-17.5 215 12 11.3-10.4
215 25 45.8-43.3 45 72 19.6-18.7
215 2 4208-410 6.8-6.6 72 103215 7 1270-1180 5.6-5.3 70 235
215 62 8.5- 8.3 665 46 21.1-20.1
215 12 435- 410 515 46 21.1-20.1

315 51 18.7-17.5-
715 46 13.7-11,8 115 46 21.7-20.1
515 46 13.7-11.8 14.7 46 41-37.5
315 46 13.7-11.8 6.8-6.0 46 103
115 46 13.7-11.8
14.7 46 22.8-20.6 5.8-56 46 165

6.6-6.3 46 103 4.6-4.4 46 410
6.3-5.8 46 206 P A-256 415 60 172-6.8
4.4-3.9 46 410
4.4-4.1 46 550 165 60 18.7-18.3

14.7 72 18.7-17.2 115 60 21.1-20.6
4.9-4.6 72 206 55 60 24.2-23.6

14.7 60 40.. 38
PBAN-259 715 64 11.8-10.3 5.8-5.4 .0106

" 715 56 15.0-12.9 4.4-4.1 60 133
315 65 10.8- 8.2 3.9-3.6 60 235
215 56 15,8-123 3.4-3.1 60 410
215 66 10.3- 9.2 3,.1-2.9 60 635
115 65 11.0- 9.7 115 70 11.4-10.3
65 65 11.0- 9.7 14.7 70 36- 33
14.7 67 22-20.6 215 65 11.8-10.3

8..3-7.8 56 53
6.8-6.3 56 103 MAiN-257 715 60 20.6-19.8
6,8-6.3 56 206 615 60 20.6-19.8
5.8-5.4 56 410 315 60 . 24.2-23
4.9-4.4 56 5s0 215 60 24.2-23.5

_-__ 5.4-5.1 67 825 115 60 24.2-23.5
65 60 33-30.5

PB N260 14.7 140 17.9-17.2 14..7 60 47.3-45.6
14.7 121 17.9-17.2 7.8-7.3 60 68.5K 14.7 80 23.5-21.5 5.8-4.9 60 82.5
14.7 70 26,6-23.6 4.9-3.9 60 165
14.7 62 31.5-27.5 3.9-3.4 60 410
14.7 42 44.5-42.S 3,4-2.4 60 825I 14.7 27 69, 75
14.? 13 232- 229 315 69 12.2-11.5
14.7 7 825- 820 115 71 13.3-12.9

215 121 5.1- 4.9 14.7 71 57- 53

215 62 11.8-10.3 215 96 11.8-11.1
215 62 13.1-12.1 215 63 16.8-15.8
215 42 19.6-18.7 215 40 21.7-20.6

KL 215 27 55-48.5 215 27 38.3-37.4
215 14 206- 201 215 12 211- 206
215 7 785- 750 215 7 1180-1030

715 46 22,3-20.6 1MN-258 865 60 28.4-27.S
K 315 46 19.2-18.3 P 28 60 30-29Z215 46 20.6-19.9 415 60 33-29.5] /.,. .115 46 19.9-19.4 215 60 0..5-29.5

65 46 21. 1-20.6 115s 60 28.4-26.614. 56 31.6-30.5 6r6 952.03, 7.3-7.6 67 S3 6 1 60 29.5-27.5
Al 6.6-6.3 46 103 43. 57 41- 39

5.8-5.6 67 206 7.35 60 137- 127
4.9-4.6 56 410 5.8-4.9 57 410
215 65 11.8-10.3 3.9-2.9 57 825__________ 11.5 63 13.7-11.8

63 13.7-11. 315 69 22.9-22..6
PAN-264 14.7 115 19.6-18.7 ,i5 70 29.4-27.5

14.7 81 29.4-27"5 i4.7 71 55" 53
:'iij;:, -' 14.? 35 78.5-'. 75

: ..... 14.7 28 90.5-88.5



Table III
RESULTS OF TESTS OF PRESSED PELLETSr-

PRESSURE, FLf I PSUR TIME.

COPOIIO pi Cl4 -n sne REILABkS

Pellet No. 3 815 81 8.2- 7.5

(PBAN-254) 815 69 16- 15

a15 23 137- 118
615 64 16.5-15.84

215 64 217- 211 ablation

4215 20 P82- 250 ablation
75 64 .- non-ignition

Pellet No. 4 815 69 18.7-18.3
(PBAN-259) 815 35 41- 37>1815 22 91Z 75

615 64 32- 29
215 64 -- heavy ablation

215 20 -- heavy ablation
75 64 -- on-ignition

Pellet No. 5 815 69 3-75ablation

(PBAN-260) 815 35 -- heawy ablation

615 62 -- ncs-ignition
215 62 -- non-ignition
215 18 -- non-ignition

Pe 1, - lo. 6 815 68 20.5-16.5
(PBAI\.264) 815 35 .- heavy ablation

615 62 -- Inon-ignition
215 18 - nen- ignition

_ 1 22



Table IV

IESULTS OF TESTS OF PROPELLANT COMPOSITIONS

PAESSURE, FLIJX, EXPOSLU TIME,

COcPOSITION psia caj/C 2 -sec asoc

ANB- 3066 615 68 16.6-14.7
415 68 16.5-14.7
265 69 20- 19
215 68 23.5-21.5165 69 26.5- 25
115 58 41-, 33

6S 72 29,5-27.2
35 69 72- 66
14,7 72 82.5- 75

7,3- 7.1 72 103
4.8- 4.5 67 275
215 131 6.4- 5.5
215 91 12.1-11.8
215 67 24-20.5
215 40 4C- 41
215 25 82- 75
215 23 87 12..5
215 12 915- 825
215 11 680- 550

35 130 22.9-21.7
35 91 35- 33
35 58 48.-5-43.5
35 41 87-82.5
35 24 242- 206
35 11 1310-1180

50 62 4.5- 61
40 62 51.5- 46

ANB-3105 665 73 16.5-15.7
565 73 19.5- 15
215 73 25-23.5
115 73 27.5-23.5
55 62 33-31.6
35 62 40- 39
14.7 70 59-48.5

5.1- 4.8 70 103
4.1- 3.9 70 206
3.9-.,3,6 70 410
3.4- 3,1 70 825

ANP-2677 415 70 15 8-15o2
215 70 15.8-15.2
115 71 19.2-17.9
65 71 24. 2-21.6
14.7 70 69- 64

7.6- 7.3 72 103
4.6- 4.3 7 206
3.9- 3.6 72 410

ANP-2639 AF 215 70 12.7-11.8
515 70 14.5-13.7
315 70 1 20.6-18.7
115 62 23-21.5
35 70 59- 50
14.7 70 295- 285

13.3- 13 70 206
11.7-11.5 ?0 410

&NP-2969 KH-1 415 70 24.2-23.2
215 70 24.2-23.2
115 70 284-27.5

65 70 4c- I1
65 71 43- 39
35 68 55- 53
14.7 71 non-i ion

_23.7-i1.5 70
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'A fIV DATA ANAL,8IS

A. Discussion of Test Results

Test data are graphically represented as log T versus log P and

as log T versus log y. The pressure effect on exposure time for

ignition, T, is most readily observable from plots of log v versus

, log P when the ranges of time and pressure are large. In general,

these curves are bounded by an asymptote of infinite slope at the ex-

treme of low pressure and by an asymptote of zero slope at high

pressures. These boundary conditions represent the minimum pressure

or ignition, and the pressure-independent exposure time for ignition,

respectively.

The representation of flux dependence (i.e. log T versus log q,)

results from the solution of the transient heating problem, %hich

relates surface temperature, time, and energy flux for a semi-infinite

slab of inert, opaque material under conditions of constant heat flux

at the surface. If the test data for one composition fall on a line

of slope equal to -2.0 on a plot of lg T versus log tp, and if there

is no chemical reaction, ignition is characterized by a constant

surface temperature which is independent of flux. Other commonly

dsed plotting methods depict the same results; a constant surface

temperatire is represented by a log Tr versus log c slope of -1.0

and by a log (rpT) versus log p slope of -1.0.

rhe go/no-go limite of all data were plotted, rather than the

A average values of time or pressure, to demonstrate the data spread.

As mentioned above, statistical handling of the data was ,Aoc practical,

since the number of tests was usually not sufficient to apply a
i i Bruceton or similar analysis. However, under the same conditions of

flux and pressure, the repeatability of the test results is excellent

Iand we have a high degree of confidence in individual data points
as presented.
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We observe from the lo, r Log t plots that the data are rather

well fit by a line of slope equal to -2 0 up to a particular value

of flux, at hich point the data begin to deviate toward larger

values of time. Thus it appears that, at least up to a certaiii

characteristic value of flux, it is valid to assume a constant value

of surface temperature at ignition, independent of flux.

Because of calorimeter difficulties, some doubt exists as to the

incident flux associated with some of the data obtained early in

the program, and certain aspects of the resul s are questionable. In
particular, there may be a discrepancy in the lo.itions of the lines
of slope equal to -2.0 on the log T - log cp plots for different

pressures. From Figs. 10, 15, and 22 it is apparent that, prior to

deviation from the line of constant slope, the data are fit by two

parallel lines; i.e., the ignition temperature is not the same at the

two pressures.

4, owever, the data for PBAN-260 in Fig. 13 indicate that the) same .urface temperature characterizes ignition at both pressures.

These latter data are not likely to be unique, because of the

composition of the propellant, and would be expected to be valid

because, in this case, tests were performed alternately between the

two pressures as flux was increased. In the cases of PBAN-254 and

PBAN-264, data at the two rressurus were obtained at times separated

, were obtained on two consecutive days and separatiou, between pressures

appears to be valid.

In addition, the ANB-3GS6 data indicate that the constant surface

temperature criterion is also met at 215 psia in the high flux region.

This and the other similar observations noted above lead to the

possibility that there may in fact be two or more regions of pressure-

independent behavior, characterized by different iginitiop temperatures.

- Recognizing that the ignition process is composed of complex interactions

among such phenomena as heat flow, mass transfer, hcmogenecus and



j
heterogeneous chemical reactions, and phase change, we should not,

o: avoid consideration of different regions of behavior at different

pressures and energy fluxes.

Examination of the log T - log qp plots yields the following

general ignition characteristics:

1. From low fli-v levels up to a certain characteristic value
(20 cal/cm2-sec and higher for these data), ignition
appears to occur at a constant surface temperature.

2. As pressure is increased, the region of deviation from the
line of -2.0 slope occurs at shorter times.

3. When ignition time becomes pressure-independent at a specified
flux level, that time is characterized by the line of -2.0.
slope.

4. Increasing pressure tends to suppress deviation from the
line of -2.0 slope; deviation from that line is eliminated
in a pressure-independent regime.

Characteristics observed from the log T - log P plots include:

I. The general influence of pressure on exposure time is as des-
cribed above--the log T - log P plots are curves bounded
by an asymptote of infinite slope representing minimum
pressure for ighition, and an asymptote of zero slope
representing the pressure-independent regime.

2. The minimum pressure for ignition appears to be independent
of flux in the range studied.

L. Pressure effects appear to be strongly influenced by flux,1 in that pressure independence is achieved at lower pressures
as flux is reduced. For example, in the data for PBAN-260
ikF -g. Ili), exposure Lime is i-dependenL ut prououi-c auuv
about 40 psla at 27 csl/crP-sec and 70 psia at 48 cal/cra-sec;
pressure independence is not yet achieved at 215 psia at

' 70 cal/c=2-see.

:i It is obvious that the ignition characteristics inferred from the

" J- two types of data representation are inte. elated and merely demonstrate4

the same behavior patterns from Lwo different viewpoints. Using the

example of PBAN-260, one can trace aloftg the 46 cal/cie-sec curve of
Fig. 14 from 14.7 to about 70 psia to reach the pressure-independent
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region; in Fig. 13, one might then expect to start on the 14.7-psia

curve at 46 calcmO-sec and move downward vertically by successive

tests at increasing pressure until, at about 70 psia, the line of

-2.0 slope is reached.

The general behavior of the model propellant systems is as

described above, with differences due to compositional variation.

Pellet ignition data, shown in Fig. 21 and Table III, are not as

complete as was desired. Sufficient data for plotting log T versus

log cp were obtained only on Comnosition No. 3; the others were

successfully ignited only at 815 psia and only limited data were

obtained over a range of flux. These pellets were difficult to

ignite at lower pressures and demonstrated either large dependence

.i pressure or heavy ablation and nonignition.

The general behavior of the operational propellant compositions
I was similar to that of the model systems. Ignition data for ANB-3066

obtained at several fluxes were typical of those obtained for the
model systems, with the possible exception that pressure dupendence

at 215 psia was demonstrated even at the lower flux levels. Accordingly,

both ANB-3066 and ANB-3105 failed to achieve pressure independence at

70 cal/cm2-sec when tested at pressures up to about 650 psia (Figs.

r I 23 and 24). Even at a flux level of 25 cal/cm2-sec, the ignition of

ANB-3066 appears to he dependent upon pressure up to 215 psia. The

polyurethane compositions are similarly presaure-dependent at 70 cal/cm:-sec

up to pressures in the range of 200 to 300 psia; ANP-2639 AP appears

to exhibit pressure dependence even at the highest Dressure tested,

715 psia.

B. Interrelation5hlps among Compoitional Factors and Ignition
Characteristics

With this discursion as background, we can now examine the data

-)r effects of compositional variatioro on Lgnition behavior. Prior

to this program we had accumulated considerable data on operational

propellants from several small test program~s and attempted to achieve
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correlation among compositional factors and Ignition cbaracteristlcs.

There did appear to be a relationshi.p between the stoichiagetry (as

represented by the ratio of weight percent AP to weight percent Cit.)

and the curvature of the log T - log P plots near one atmosphere.

However, this finding was based on limited data and probal y reflected

only second ider effects. In addition, with such a wide -zriation in

composition ifferences, the chances of pin-pointing specific composi-

tional effects were remote. At the start of this propram, past data

were reexamined; the task of obtaining sufficient data from studies

of operational propellants to perform an adequate analysis appeared
i to be much too formidable. We theref'ore emphasized characterization

of the ignition behavior of the model compositions which were detailed

in Table I.

From the discussion presented above, we can consider specific

ignition characteristics identifiable from the data. These include:

1. Minimum pressure for ignition

2. Exposure time (or ignitability level) in the pressure-
dependent region

3. Pressure dependence as measured by the deviation from the
line of -2.0 slope on the log T -log p plots.

We will dis.-ass the effects of compositional factors on these ignitlon

characteristics in the order listed.

First, we must make one general statement concerning rocket

-mot igziivui. i is obvious irom tnese data, as it has been since

the pressure effect on ignitability was first notod, that ignitixa

is most likely to be reliably accomplished if the ignition system

is operative in the pressure-independent regime of the propellant.

Thus, if the igniter supplies a short time pulse of high flux energy,

the port pressure should be elevated to a sufficiently high pressure

to ensure successful ignition in the tiwe available. By continuing

chis reasoning, one can see that longet time exposures to energy at

lower flux levels are likely to be generally successful and Lss3
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dependent on pressure. Although not a part ot this prog=A, past

observations lead to the conclusion that ignition delay tims are a-so

reduced when ignition systems operate it the pressure independent

region.

1.. Minimum pressure for ignition. By examining the results of

tests on the model propellant systems, we observe that in general

there is little difference in the minimum pressure for ignition. The

low-pressure asymptote for all four compositions with 85-percent

ammonium perchlorate appears to be about 4 psia. Minimum pressures

for the three ccmpositions having increased binder contents appear to

de~reas3 to the range of about 2.5 to 3 psia; as binder content

increases, tne general level of required exposure time increases, and

the low-pressure data become more difficult to determine. Thus it

appears that the binder, which is the same in all the model compositions,

is the factor most important to minimum presgsure characteristics, and

L I that ammonium perchlorate may tend to have an effect of raising

this minim,'v.

Extending 'his observatirn to the operational propeliants studied,

we note that the two polybutadiene-type propellants (ANB-3066 and

ANB-3105) exhibit minimum pressures of about 3 to 3.5 psia, and that

two Dolyurethane propellants (ANP-2639AF and ANP-2969KR-l) have

minimum pressureb of about 10 to 12 psia. An exception appears to be
the polyurethane propellant ANP-2677, which has a minimum pressure
coamparable to that of the polybutadiene types. The failure of ANP-2677

to fit the pattern xay be related to the fact that it contains some

potassium perchlorate or that the binder c=mposition is such that

it has a high decomposition temperature range.

D it appears then that binder type (and presumably its pyrolysis

aid volatilization characteristics) is in fact a predominant factor

in re-gard to minimum ignition pressure. The minimum pressure will

depend upon the extent to which the pyrolysis and vo tilization

processes accompanying thermal decomposition divert ee~r :rem

• iii I 47K ;,
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Support for this thesis was obtained by limnited teov~t

analysis studies We found that the ANP 2969KB-1 bindek lotiO
10

percent cf its weight by b'eing heated t-, 220 C, whilo-the ie~

ANB-3066, AI-3105, and our model propellants requik" -eata~g ~ -~

same rate to abou~t 410 0C f or the comparable SO-pereen 'iit Ioss'.-
Al -s

AddItional support for our Identification of *the.,Jclati f"'
between binder type and minimum pressure for ignitibn, co; sfroihitbe

results of some l.ow pressure ignitioa studies dlone Xr*oh tutte

prog-a1n11 The variation in minimum ignition pressure w*s, X**nt

b~e small with wide compositional changes (such ascott !n 4m ,

burning rate catalys!. and total solids), pravicled two, b4c ~ge~e

are present--a hin'er of constant formulation andamoimeclr .

The nature of the oxidizer is, of cou--e, also a factor -of ,Primar7

importance to the minimum ignit ion pressure~.

2. Ignitabi Tity in the pressure-independent reg on. The

general level of ignitability is the characteristic of ignition -V~zib ,

F, is most variable among propellants. The test .*esults

for the underoxidized systems to reqjire more eneray, feb iron.-- -

Stoichiometr is undoubtedly a factor, such as the.430 ~ o ~ M

Af I-r examining s veral ~. sbible interactions mn

Wicih eima ntesul conidera stion a of veauinumin Ah gi~o
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SInce the test data are expressed at different fluxes and in

different ,manners toi- all the compositions studied, we decided .o

use surface temperature at ignition as a measure of ignitability;

i.e., that propellant whiplh has the lower 'r at ignition is the more
s

readily ignitable and is ignited in less time. Thus, regardless of

the validity or accuracy of the absolute value of the calculated

surface temperature at ignition, it does provide a generalZ measure

of energy required for ignition.

In calculating the surface temperature at ignition for the several

compositions studied, no account was taken of propellant absorptivity.

Spectral reflectivity measurements of propellant surfaces at .room

temperature show that about 80 to 90 percent of the incident flux

is likely to b- absorbed at the surface. Since such measuremezis

may not be valid under the conditions encountered durirhg exposure to

high thermal flux irradiation, we assumed that the absorptivities of

all compositions were essentially the same and, for simplicity of calcu-

lation, equal to 1.0. Thus, calculated temperatures might be more

realistic if they were reduced by about 10 to 15 percent..

Surface temperatures were calculated using the solution'to the

general heat conduction equation in the absence of chemical reaction.

The propellant is regarded as an inert, perfectly absorbing, homogeneous,

i~i• 'semi-infinite slab on which is incident a constant uniform flux, cp.
< Evans et al"s have discussed some consequences of inhomoganeity and

] have demonstrated that the propellant specimen is effectively semi-

: - infinit ,, with heat flow being one-dimensional, at .least for the shorter

" times considered here. The expression used for calculating surface

! , o: atemperature is thusIQ

' a, (i-P I
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where Ti  the initial surface temperature (assumed to b 2400)) ;, ,
00

T~ surface temperature at time T (C)

CP radiant flux (cal/cm2-seci

(kcp) = average "thermal responsivity" of the propellant.

Although thermal conduction (k), specific heat (c), and density (p)

may vary considerably among the various compositions studied, the

thermal responsivity is reasonably constait. These values were

measured in some cases, obtained from Aerojet-General Corporation

or from other references, or were estimated, to arrive at the values

of thermal responsivity shown in Table V.

e TABLE V

THERMAL RESPONSIVITY OF COMPOSITIONS

Composition (kcp)

Pellet Nos. 3,4,5,6 0.026
PBAN-254,259,260,264 0.0245• PBAN-256 .024".i

PBAN-257 0.023
PBAN-258 0.022
ANB-3066 0.0242
ANP-2639AF 0.0233
ANP-2969KH-1 0.0248
ANP-2677 0.024

9 T. acnieve a common basis for correlation with urning rates,

we calculated ignition temperatures from data on the high-pressure

line of -2.0 slope of the log T - log co plots, or, if that was not

available, from tha values of 7 and y from the log -r - log P plots

at high pressure, where T w as independent of presst.e. Pellet

surface temnperatures were calculated from high-pressare data. Table

VI lists these values of calculated surface temperature at ignition.

V2 . 050
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; ' TABLE VI

~CALCUIATED VALUES OF SURFACE TEMPERATURE

Pellet No. 4 (PBAN-264) 426

PBANI-254 264

PBAN-259 328

PBAN-260 326

PRAN-264 332

PBAN-256 391

PBAN-257 439

PBAN-258 554

• ,, ANB-3066 352

.I ,N-2969KHI-1 NB509

; ,, . NP -2639AF 466

,ANP-2677 424

IVL
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Although the absolute values of these calculated temperatures are of
:I questionable validity, they are used in this sense as measures of

relative ignitability. Prom these data, one can make the following

3r4'' observations:

I,1. The catalyst Cu02O2 tends to lower the ignition temperature
' and to reduce th: energy required for ignition.

2. Iner ased oxidizer loading also lowers the surface temper-
o 2. ature )r conversely, fuel enrichment increases the ur-

face temperature and te energy required for ignition.

V. £ 3. Pellet surface temperatures are about 1000C higher than
tD -for the comparable propellant comp ),3iaon (with vhe

exception of PBAN-260), indicating that the presence of
a pyrolyzable organic fuel eases ignition.

4. The polybutadiene-type propellants generally &npear to bej more readily ignitable than the polyurethane t~ypes.

Figure 28 shows the excellent correlation between calculated

surface temperature and burning rate. The ignicability, as measuied

by surface temperature, appears to be proportional to burning rate;

i. ., the higher burning rate propellant has the lower ignition

temperature and is more readily ignited. The operational propellants

are in excellent agreement with this finding; a possible exception

is ANB-3105 (with a considerably higher burning rate than that of

ANB-3066), whose ignition temperature, although Pot calculable at

this time, would be expected to lie near that of ANB-3066.

The model propellants containing Cu0202 appear to lie on a line

-. approximately parallel to that of the operational propellants, but

at higher burning r.tes. From the comparisons of pellet and propellant
, , , , ignition temper¢.tures in Table VI, we m,4.ght infer that the PAN-260

test data are in error and that the surface temperature should be

about 1000C higher, putting it on the correlation line. It may also

be possible that the lightly catalyzed PBAN-260 does not fit the

V correlation, but rather lies between the catalyzed and uncatalyzed

systems. The uncatalyzed model propellants are on yet another

"4. 52
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.... ' ,approxim~tely parallel line at lower levels of burning rate, with
decre-sed ignit.1, temperatures ane. higher burning rates accompanying

° higher solids loading.

, , , iInferences concerning' the 'influence of aluminum on ignitih"

4 characteristics are not possible. The nonaluminized ANP-2677 data

- + o correlate well with those of the aluminized propellants. No o'hor

,.. significant effect of aluminum is apparent. Thus we must conclude

. that aluminum acts as an inert material in the ignition processeo
i; - ' , and serves only to modify the thermal responsivity of the propellant.

+ 
•~

-C. '.,-, <-"' '.,

decre3s Deviatitiom rustant ighon temperature behavior.

<nfAs we have stated, in the absence of chemical reactions, a line of
c t-2.0 slope on a r09 T versus log plot represents a constant surface

; htemperature. To avoid preempting the later discussion on ignition
4 j mechanisms, we now describe the dor-. eption frsm the -2.0 slope line

simply as deviation from constant igrition temperature behavior. Such

swdeviation is also a measure of pressure dependence in that as flux
is increased, deviation from the cons.tant slope line indicates the

I beginnings of pressure-dependent be1-avior.

Comparing .be data for PBAN-254 and PBAL '64 (Figs. 10 and 15),

we observe that the catalyst Cu0202 appears to suppress the dependence! 0 I

> on pressure in that the deviations from the -2.0 slope lines at both

'0 1 14.7 and 215 psia are less extengiit f:-r PBAN-"54. It ia also

i interesting to note that the flux at which such deviation commences
(at 14.7 psia) appears to be unaffected by catalyst content--i.e., it

is about 28 cal/cmO-sec for both PBAN-254 and 264. Although the data

for PBAN-257 (Fig. 18) are less extensive, it appears that increased

Vbinder content results in deviation from constant temperature behavior

a l- '9111-,i, !e and that the ay -nt. nf the deviation is greater.

o ,Thus, it appears that the same general conclusions can be reached

. - .as those obtained from examination of ignitability in the predsure-

independent regime, Presbure dependency appears to be suppressed

by the same factors that increase burning rate, namely, the presence

,Y~ t*- ~154
.J~' I
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of burning rate catalyst and higher cidizing solids loading, This

genera' ity appears to be valid, however, only in specific regions of

preassvre and flux; other patteins of behavior might well ne observed

under conditions not covered in this program.

C. Mechanisms of Ignition

1. General Discussion

Much discussion of the mechanisms of ignition has appeared in the!

literature and at technical meetings. To undertake a complete review

would be both presumptuous nd inconsistent with the scope of this

Sprogram.

Two comprehensive reviews of ignition research and its results

have been undrtaken which cover the various works in detail. Although

the reviewers have themselves been associated with particular mechanistic

theories, they objectively compare the alternative approaches. Summerfield

A AA et a114 describe the many research programs, present data, and evaluate
results; Price et al provide a detailed discussion of the phenomena

associated with ignition and examine analytically the three major

ignition "heories, those which advocate the so-called condensed-phase,

g as-phase, and heterogeneous 4ignition models.

Prior to undertaking this discussion, we shall take note of
** 'those specific points made by various investigators that are pertinent
, o|to the igni,,",on models; recognizably cursory, such points of review

;, are includel here to establish a basis for the discussion to follow.

Condensed-hase model. Consideration o f the condensed-phase

o ,: model originated from bulk thermal explosion theory and was first
oodsusdb rze n ik~ e 1 They derived a model which defined

' " surface temperature on ignition as being calc-ulable from a transient

4~k

~hearing analysis which included a chemical heating term from condensed-pase, exoherm c reaction. Altman and GrantgO sho ed that at long

4times and low fl es the chemical heating term could be neglected, andIthat ignition was characerized by a constant surface temperature.

. Gee ra-Dscsso
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Baer and Ryan9 reported that undex conditions of low heat fiux,

pressure had no effect on the ig-' tion pi"ocess. As discusbed earlier,

the work in both Refs. 9 and ).8 involved maintaining external stimulus

through the ignition phase. Price et a119 extend the condensed-phase

ignition theory by accounting Yor such e~fects as reactant depletion

and by suggesting that deviations of experimental results from what

might be predicted by the constant surface temperature concept indicate

that the ignition temperature in fact increases at high heating rates.

Ga_-Phase Model. Since pressure and oxygen concentration in the

-.%'teous enviromaent were found to be important factors in composite

prop dlant ignition, a model was proposed in which the major exothermic
f ftt1proci sses leading to runaway" conditions were governed by gas phase

kinetics. Summerfield et a114 describe the extensive studies which

provide pertinent evidence for this theory. Anderson and Beyer6

and Price1 state that the theory is not applicable because the

analysis did not account for both fuel and oxidizer gases being generated

by propellant decomposition. Price et a120 suggest that, at high

heating rates, a gas-phase ignition regime might indeed exist in

which ignition is dependent upon generation of gaseous reactants and

the flow of energy from the gas phase back to the solid surface. Such

processes need aot require large quantities of gaseous reactants but

may occur upon first gas formation, as indicated by the results of

Evans et a1
12

Heterc ;eneous Model. Based on results of studies of hypergolic

ignition (heterogeneous reactior between an external reactive oxidizer

and a solid fuel), Anderson et alG62l prcpose that the ignition

process is governed by the kinetics of the heterogeneous reaction

between ammonium perchlorate decomposition products and the solid

fuel. They further vropose that this reaction takes vlace at he

oxidizer-fuel interface within the surface layer of the propellant.

d ctheory is cited as the relationship

T ccP-2Is t lw pessres Price15 reviews all the assumptions made
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and evidence quoted and suggests that clear-cut proof of the model

has not yet been provided. Our program has shown that the relationship

at low pressures is not r = P-2.1, but that T instead approaches An

asymptote of infinite slope at the minimum ignition pressure.

2. Defin'.tion of Time to Ignition

The total ignition process can be divided into time intervals {
representing a carse division of associated phenomena. Thus, tbo.

division of ignition has been represented as

T T1 +T +'T 2

where T = total time to ignition

", = time of surface temperature increase by external stimulus

not originating front the propellant itself

1= time of heat addition to the solid by exothermic chemical

reaction, i.e., solid phase decomposition, feedback from

gas-phase reaction, heterogeneous reaction within the surface

layer

I time of transition to steady-state combustion.

The experimental approach used in this program, which utilized radiant

energy as the external stimulus, yieids data based on a threshold

ignition time obtained by go/no-go tests. Ignition time is aefined

as that time of exposure to a radiant flux which is necessary for

steady-state combmstion to be achieved at the time of, or at some

delayed time after, cessation of the external stimulus. This time

required for establishment of the steady-state f,.ame, after cessation

of external stimulus, might be termed the delay iime, equivalent to

1"0 oThe exposure time determined in this researe- is 1r. It is

? T2 and T"S are small compared to T, and, fzom an experimental viewpoint,

can be neglected. Howe '.er, at long exposure times (ie., at low fluxes

and/or pressures), TZ may become significant; and under some conditions,

measured values of T have been large compared to Tj:2

r, -,K40- _______ ___ ____ _____i
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We note that by definition i- i 2 , and -r; zeed not be zonsidered

as chronologically ordered time periods. Retaining T as the post-
exposure delay time in our experimental apprmach, Eq. (2) would be

L ~ more correctly written as

i-- i-, + To (3)

0o where time of exothermic heat addition, TZ, is now composed of some

unknown portion of i- and all of To. Full definition of the time,

4 0", T2 , is of course the ultimate objective, if understanding of the

ignition mechanisms is to be achieved.

The experiments which utilize sustained external stimulus through

the ignition process and yield ignition times identified by the

f ' appearance of first light do not provide a terminus value of - because
L sustained combustion j.s not assured should the external stimul,.q be

removed after the appearance of first light. Anderson and Deyer6

$0 show d that light can be emitted and detected during a nonignition

exposure. Friedman and Levy 2 measured burning rates of pressed

ammoniun perchlorate strands at pressures far below minimum combustion

pressures by maintaining an external stimulus during the experiment

In our studies, we exposed pellets of pressed ammonium perchlorate/

carbon compositions to radiant energy; although sustaiaed combustion

j was not attainable, extensive flame development was apparent while the

I energy was being applied.

With our experimental approach, TZ is not defined either, but a

_', mechanistically important portion of it is separable. The delay

time, 'r, is that portion of TM which persists after cessation of

external stimulus. Past workI has shown that at a relatively high ,

flux Tg is effectively zero at low pressures, increases to a maximum

in a moderate pressure range, then decreases to zero as pressure

continues to increase. Extension of these observations would undoubtedly

be useful in at least a qualitative assessment of T2 and the relative

roles of the varirOUS poteutial exothermic reactions.

B8
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For example, at low pressares, heatin .rom the gas phase might

be discounted and external stimulus might be required £or the total

time T to overcome endothermic rrocesses. As preseurc iz increased,

gas-phase kinetics may, become more important, leading to messureable

J41t values og rg. Finally, at high pressure, gas-phase reaction rates might

increase to the extent that Tg again becomes negligible. Similar

reasoning can be applied to a heterogenecus ignition model, and even

to a condepsed-phase decomposition model; in the latter case, pressure

could act on gaseous products to either increase or decrease rate

of decomposition, or pressure could have no influence at all. A

fruitful avenue for future inves igation appears to be the inclusion

of Ta measurement under all conditions in the full characterization

of !s-nitLon behavior.

3. Concept of Constant Ignition Temperature

The constant surface temperature concept appears to be valid

under those conditions where log T - log (p data fall on a line of -2.0

slope. Such appears to be the case at high pressures and at low

heating rates. However, as heating rate, or flux, is increased,

pressure dependence is demonstrated by the departure of the data from

the "constant temperature" line. Increasing pressure at a constant

level of high flux serves to reduce ignition times until they again

reach the constant temperature line.

It is incorrect to assume that the surface temperature is cal-

culable in the pressure-dependent regime by the solution to the transient

~0
heating equation; a calculated surface temperature of 720°C, for

example, for PZ..N-264 at 14.7 psia and 100 cal/cmO-sec is hardly

conceivable. One might equally assume that the ignition temperature

i.s effectively constant under all conditions, and that endothermic

heat sinks act to inerepas thA rpniiirad A-noqti, timia itti the

i' 0'.' characteristic surface temnerature is reached. Dissociation of

>.NNN Iammonium perchlorate and binder pyrolysis are such endothermic
ptocesses, and their contieibution to the heating vequirements must

be taken into account.
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More detailid examination of this assumption of constant temperature

at ignition results in some anomalies, which in turn leaves the more

realistic postulate that T is probably not constant but is likely
s

to be a rising function with flux in the pressure-dependent regime.

Further, in considering the applicability of a characteristic ignition

temperature, the results of our work which indicate that such a

characteristic temperature may also be pressure-devendent, must also

be taken into account.

4. Ablation

Contrary to the general belief, deviation from log T - log p line

of -2.0 slope is not necessarily accompanied by ablation. Anderson

and Beyer,6 in Fig. 4-1 of their report, shoy the beginning of

ablation at the -2.0 slope line and its continuation until ignition

is achieved. Studies of the double bass composition JPN, in which

weight loss was measured, appeared to verify this assumption.20

However, in our program, specimens of PBAN-260, 264, and 258 were

weighed before and after exposure for times shorter than required

for ignition. Table VII shows the results of these tests.

From these data, it is apparent that except for the underoxidized

composition PBAN-258, ablation not only does not commonce at the line

-" of -2.0 slope, but may not even be extensive near ignition. Fumes

did appear at much shorter times than those at which weight loss

became measurable. Support is thus provided for the suggestion by

Bastress7 that pyrolysis of surface material yields gaseous hydrogen

and a char residue. The endothermic processes in composite prop-

ellants are either of small consequence or are almost entirely

I tcondensed-phase processes.
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TAizE VII

WEIGHT LOSS DURING NONIGNITION EXPOSURES

-"Pressure, Flux T, Weight
Composition psia cal/cm2-sec msec Loss, % Remarks

PBAN-260 14.7 65 27.5 Ignition
14.7 65 27.5 0.1
14.7 65 26.5 0.1
14.7 65 24 0

215 65 10 -- Ignition

PBAN-26 7.4 65 65 --- Ignition
7.4 65 65 1.8
7.4 65 62 1.0
7.4 65 50 0.7

14.7 65 38 Ignit±on
215 65 13 Ignition

7.4 12 410 --- Ignition
7.4 12 392 0.2
7.4 12 330 0.1

PBAN-258 7.4 65 180 --- Ignition
7.4 65 165 2.3
7.4 65 137 1.8
7.4 65 118 1.3
7.4 65 63 0.9
7.4 65 38 0.4
7.4 65 20 0.1
7.4 12 390 Ignition
7.4 12 375 1.0

7.4 12 330 0.5
7.4 12 316 0.1

6 1
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5. Ignition Models

>+ In examining the various ignition models, we observe that the

question of the chemistry involved in achieving steady-state combustion

remains unresolved. Arguments in favor of condensed-phase, gas-phase,

or heterogeneous exothermic reaction can be put forth with conviccion

under all conditions. It becomes readily apparent that more information

is required.

Tha true nature of the propellant surface, being nonhomogeneous,

enables consideration of different temperatures of binder and oxidizer.

Hence, gas-phase reactions at calculated temperatures below those

required for binder pyrolysis are conceivable; deflagration of

ammonium perchlorate before the occurrence of other exothermic reactions

is poesible; and heterogeneous reactions are readily visualized.

Only in the case of solid-phase, thermal decomposition of ammonium

perchlorate is the requirement for oxidizing gases eliminated.

Dissoc~ation pressure measurements of ammonium perchlorate23 indicate

that at about 300 C--a reasonable calculated surface temperature for

any of our propellants--the dissuiation pressure was only about 0.4

mmn Hg. It was also observed that dissociation and thermal decomposition

could occur simultaneously. Further, the temperature of the ammonium

.perchlorate is likely to be below that calculated for the homogeneous

surface. However, since nonequilibrium conditions most likely prevail

during ignition, a reasonable concentration of HClO4 might be expected

if N% is removed from the reaction zone rapidly enough. Evans et al"1

show that the solid-phase decomposition exotherm is an unlikely con-

tributor .romkinetic considerations. On the other hand, decomposition

kinetics under high heating rates and nonequilibrium conditions might

be such that condensed-phase reactions become possible in the Evans

Atemperature-time frame.
The purely chemical "pproach has thus far not succeeded in clarifying

the controlling mechanisms of ignition. Another approach is proposedI Owl
___ - by von Elb, 2 4 and in the light of the results of this program, appears

to warrant detailed examination. His model for steady-state combustion

+ : o62.
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includes a characteristic surface temperature, Ts, at which gasification

of the propellant occurs. Simplified relationships among heat flow

to the surface, burning rate, T, and propellant thermal p'operties

are presented. He proposes that the time, T, at a specific value of

externally applied heat flux is required for the surface temperature

to reach T during ignition. At this point, we question the suggestion
S

that surface temperatures are equal under steady-state burning conditions

and at ignition, but further examination of the model need not be

interrupted.

If the external stimulus is applied at a rate of less than or

equal to the steady-state burning feedback flux, sufficient energy is

available within the subsurface layers for ignition to succeed. Ex-

pressed in another manner, the temperature profile is as flat as or

flatter than that during steady-state combustion. If the applied

flux is greater than the steady-state flux, the profile will be steeper

than that at steady-state, and the temperature T will fall. von Elbe
5

uses the term "preheat"to define the integral of the temperature profile,

cr the quantity of energy that has been transported into the solid

in the time T.

von Elbe further suggests that, at high fluxes, after the "flash"

temperature, T., has been reached, the surface ablates so that the

preheat cannot increase to that required for successful ignition.

However, he suggests that there is some mechanism which adjusts the

flux, thereby enabling the profile to flatten and the preheat to

increase. We believe a more likely explanation than flux adjustment

is simply that time is required for leat to flow into the solid to

establish the xquired temperature profile. The surface temperature

may either exceed the characteristic surface temperature or it may

remain constant, while the inte- al off the tempcratu;a prvofili

increases to the required level. Temperature-limiting endothermic

reactions during this period uay include binder pyrolysis and ammonium

perchlorate dissociation, L gasification or ablative processes

*63
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need not occur to any great extent. In our brief studies of specimen

weight loss during exposure, it is obvious that only minor ablation

occurs and most of that occurs very near the actual ignition point.

In terms of our results, this hypothesis suggests that ignition

occurs along the line of -2.0 slope on a plot of log T - log p at

values of cp below that equal to the steady-state feedback flux. At fluxes

higher than the steady-state cp, the ignition time deviates from the

-2.0 slope line to longer times to enable the equivalent of the steady-

state preheat to be established, von Elbe's equations are

q =pT and qo =YoT cal/cm3  (4)

= ro cp(Ts-Ti) cal/cm:-sec (5)

where q = preheat, or integral of the temperature profile

q = preheat under steady-state burning conditions

= steady-state feedback flux

r steady-state burning rate
0

c specific heat of the propellant

p = density of the propellant.

Using Eqs. (4) and (5), we have calculated values of and q

for some of our test com csitions; these are compared in Table VIII

with the experimental results obtained from Figs. 10, 13, 15, 18,

and 22. Agreement between calculated values and experimental values

is reasonably good. Exceptions at 215 psia illustrate possible errors

in absolute values of measured flux, as discussed earlier; disagreement

at 14.7 pgia may illustrate tDne invalidity of the model at low

pressure. These results indicate tha., at 215 psia, the preheat

required for ignition of the uncal. lyzed model systems (PBAN-264 and

257) is much less than that for thoae compositions having catalyst

(M-254 and 260); at 14.7 psia catalyst content does not appear

4I
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TABLE VIII

STEADY-STATE FLUX AND PREHEAT FROM VON ELBE'S MODEL

Calculated Experimental
Pressure,

Composition psia b q q O

PBAN-254 215 48 0.53 50 0.55

14.7 13 0.8 28 1.7

0
PBAN-260 215 45 0.5 60 0.66

14.7 10 1.2 18 2.2

PBAN-264 215 36 0.1 36,56 0.1,0.16
14.7 11 1.0 28 2.5

PBAN-257 215 35 0.09 40 0.1

ANB-3066 215 46 2.5 30 1.4
35 44 2.4 48 2.6

to influence preheat requirements significantly. The propellant

ANB-3066 appears to require considerably more preheat than the catalyzed

model compositions, presu:.ably due to the aluminum present.

Still in question, however, is identification of the process or

combination of processes operative during the time the temperature

profile is adjusting at flux levels higher than qo. There is no
k reason to believe at this time that such processes are too dissimilar

from those which lead to a fully developed flame at low fluxes where test

data conform to the line of -z.0 lope. Having reached a characteristic

surface temperature in the latter case, chemical reautio~n rates are

such that the additional time required in the "runaway" reaction is

±lkeiy to be small in comparison to the thermal conduction time. [

Similarly, at flux levels above qo, these same runaway" reactions are

likely to occur, but for them to be sustained, the condition of

sufficient prehoat must also be satisfied.

65
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In this discussion it should be noted that the final exothermic

runaway process could be controlled by gas-phase, condensed-phase,

or heterogeneous reaction kinetics, or by any combixaation of them.

The model describes ignition characteristics in terms of thermal

conduction and steady-state burning rate only; the "runaway" reaction

is merely the short-time, terrminal phase which requires specific

thermal conditions for successful initiation.

To illustrate the feasibility of the model proposed by von Elbe,

we determined the required times, using a compiter to obtain the

numericaL, solutions to the transient heat conduction equation.

Required input data were taken from the results of tests of PBAN-254

and the thermal properties of that composition were used. Integrals

of the temperature profile and the time required for a surface, temperature

rise of 240°C were computed for cg equal to 30 and 50 cal/cm2 -sec,

representing the points of deviation from the line of -2.0 slope at

14.7 and 215 psia, respectively. Additional times required to achieve

the integral values of preheat at q for flunes greater than b were

then computed under two assumptions: (1) that T -Ti remained constant

at 2400C throughout the process; and (2) that T increased according
s

to an arbitrarily selected function of cp. Input values used for

A4 individual point computations are shown in Table IX.

! It can be seen from the computation results shown in Fig. 29 that

Athe data representing the pressure-sensitive regime are indeed similar

"1 to experimentally determined values. When surface temperature is

assumed to be constant, As in curves A and C, the shape of the curve

is similar to that for PBAN-260 (Fig. 13). Curves B, D, and E are
I similar to the more general ctse, such as PBAN-254 (Fig, 10). It

should be noted that the straight line reZlects the liaear relationships
arbitrarilv selected between T nd en

Although the von Elbe model can thus be used to predict ignition

data which are very similar to those measured experimentally, the

} possible contributions by chemical reactions are not elimin.ted.

h4  R7 I
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TABLE IX

INPUT DATA FOR CONDUCTION TIME COMPUTATIONS

cal/c 2-sec

cal/cm2-sec 40 50 60 70 80 90 100

30 240 240 240 240 240 240 240

30 260 280 300 320 340 360 380

o50 ... . 240 240 240 240 240

50 250 260 270 280 290

50 --- 260 .280 300 320 340

N-lote: Tabulated values are T - Ti , in 
0 C.

Exothe.mic reactions may still add heat to reluce the time required to

establish the necessary preheat. Since Fig. 29 was based on PBAN-254,

the experimental curve F appears to be a straight line, but is of

greater slope than curve E. This indicates either that added heat

from chemical reaction results lin shorter than calculated times, or

that T ircreases to larger values than assumed for curve E.
s

Figure 30 is a plot of log TT (the preheat, or ignition energy)
versus log cp for the test data of PBAN-0.Tecntt Ts ln
the absence of chemical reaction) osi this type of plot has a slope of

-1.0 (curve A). Ignition energies at 14.7 psia lie along curves A and

B; ignition energies at 215 psia lie along curves A and D. In terms

of von Elbe's thesis, the preheat 7r deviates from the line of -1.0

slope to allow time for establishment of the required integral of the

temperature profile at b. fIt is of interest to note that the additional

energy required, plotted as log q,' versus log cp, and shown as curves

C and E "B minus A, and D minus A, respectively) appears to approach

a slope og +1.0 as q gets large. Lines of slope equal to +1.0 on

such a plot represent constant times.]
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Computed data shown in Fig. 29 are replotted as log tr versus

log cp in Fig. 31. Again, as in Fig. 29, we observe that the computed

data are quite similar to experimental results. Perhaps the most

important difference is the lack of curvature shown in curve B of

Fig. 30. Curve B can probably be simulated by computation according

to von Elbe's model, if T were first a rapidly increasing function

of flux and then held constant and independent of (.

The von Elbe model does not provide for energy being supplied

by heterogeneous or condensed-phase chemical reaction, and perhaps

such exothermic energy is small when the temperature profile in the

solid is very steep. However, as the preheat increases, the contribu-

tion of energy from exothermic chemical reactions could Decome sub-

stantial. Thus, the appropriate combinud consideration of energy of

endothermic and exothermic chemical rear-t;.ons and the time required for

e,_ -conduction of heat from th, surface is .a more realistic model.
4. Accordingly, computations which include the chemical contributions

are more likely to yield the characteristics determined experimentally.

Thus, it appears that the model proposed by von Elbe provides a

reasonable qualitative, if not wholly quantitative, explanation for

'. the ignition behavior of propellants. The prime contribution of his

model is to explain observed pressure-dependent' behavior in terms

,> I of burning rates and temperature profiles in tht solid material. Not

: I yet accounted for, however, are the contributions from chemicql
4 ,_,,1 ,reaction. This model provides what appears to L4 a realistic approach

toward understanding the mechanism of ignition by coupling it to

steady-state combustion.
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\r SU .RY AND CONCLUSIONS

The ignition characteristics of five operational propellants and

seven model systems of varying composition were investigated by the

use of high flux radiant energy as the ignition stimulus. The Stan-

ford Research Institute arc image ignition furnace was improved to

provide higher flux capability, gieater arc stability, and greater

ease of operation.

Examination of experimental results yielded the following typical

ignition characteristics:

1. Pressure-indopendent behavior (high pressures) is char-
acterized by test data which lie on a slope equal to
-2.0 on plots of log exposure time versus log flux.

2. T the regions of apparent pressure-independence4. .I&,ition
(assuming no chemical reaction) is characterized by
a constant surface temperature.

3. The logarithmic relationship between exposure time and
pressure is typified by asymptotes of infinite slope
at the minimum pressure for ignition, and of zero slope
at high pressures.

4. The minimum pressure for ignition appears to be inde-.
peident of flux.

5. The influence of pressure on ignition at pressures
above Zhe minimum is highly dependent on flux.

Surface temperatures at ignition were calculated from ex.)erimentally

determined values 3f exposure time and flux, and were used as measures

of ignitability in the pressure-independent regime. An excellent

correlation was established between burnipg rate and surface temperature

at ignition; higher burning rates are related to lower ignition

temperktures. The burning rate cat4lyst Ou 0202 lowers the ignition

temperature, as does increased oxidizer content. The presence of a

pyrolyzable organic fuel eases ignition, as indicated by comparison

of propellant test results with those of pressed pellets containing

no binder, Aluminum does not Oppear to influgnce ignitability, except

kt
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as it mudifies the thermal properties of the propellant. Pressure

dependency iG suppressed by the same factors which increase burnilig

late. The minimum pressure for ignition of ammonidm perchlorate

propellants appears to be primarily related to the nature of the

binder.

Various ignition theories were examined in the light of the

information developed on this and other programs. The Yeterogeneous

theory of igr,,tion is not supported by our data particularly since

the log time versus log pressure dta do not approach the predicted

slope of -2.15 at low pressures. Pressure-dependency has been cited

as an argument in favor of both the heterogeneous and gas-phase

ignition models; however, if pressure is considered to influence

ignition behavior because of its effect on the rate of burning,

condensed-phase decomposition reactions cannot be excluded. The

von Elbe ignition model, which relates ignition characteristics to,

steady-state combustion and propellant thermal propertiesi was

examined and found to provide a promising initial framework for

explaining observedbehavior. It was concluded that the case for

any of the chemical reaction mechanisms controlling ignition has.not

been proved, and that, although chemistry is certainly involved in

the runaway reactions and in processes whicb. .t limit surface

temperature, chemical reaction kinetics may not be of primary
to ignition times. It appears likely that the total time-to-ignition

is composed primarily of the thermal induction period controlled by
heat transfer processes, the delay time, which is controlled by

chemical reaction kinetics, is vanishingly small under many codLtions.
77 '
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